Nonresonant inelastic x-ray scattering measurements on NiO and CoO show that strong dipoleforbidden d-d excitations appear within the Mott gap at large wave vectors. These dominant excitations are highly anisotropic, and have [001] nodal directions for NiO. Theoretical analyses based on a novel, energy-resolved Wannier function (within the local density approximation Hubbard U) show that the anisotropy reflects the local exciton wave functions and local point-group symmetry. The sensitivity to weak symmetry breaking in particle-hole wave functions suggests a wide application to strongly correlated systems. DOI: 10.1103/PhysRevLett.99.026401 PACS numbers: 71.27.+a, 61.10.Eq, 71.15.ÿm, 71.35.ÿy Strongly correlated transition-metal oxides (e.g., manganites, cobaltates, and cuprates) display a wide array of fundamentally and technologically important properties ranging from colossal magnetoresistance to high temperature superconductivity. Accordingly, transition-metal oxides are of strong experimental and theoretical interest, and simple transition-metal monoxides are of particular interest as prototype systems [1] [2] [3] [4] [5] High-energy (K edge) RIXS [6] has become an important technique for investigations of strongly correlated electronic effects in (highly absorbing) rare earth cuprates [7, 8] and manganites [9] , where the large momentum transfers probe with real-space resolution commensurate with the spatial extent of the excitations [4] . However, relating RIXS measurements to the dynamical structure factor [9,10] remains a challenge [10 -12] compared with the first-principles relationship that exists for nonresonant inelastic x-ray scattering (NIXS) measurements [13, 14] of core and valence excitations.
Strongly correlated transition-metal oxides (e.g., manganites, cobaltates, and cuprates) display a wide array of fundamentally and technologically important properties ranging from colossal magnetoresistance to high temperature superconductivity. Accordingly, transition-metal oxides are of strong experimental and theoretical interest, and simple transition-metal monoxides are of particular interest as prototype systems [1] [2] [3] [4] [5] . The principal scattering tools for investigating dipole-forbidden d-d excitations in transition-metal monoxides have been soft x-ray emission spectroscopy [1] , soft resonant inelastic x-ray scattering (RIXS) [2] , and spin-polarized electron energy loss spectroscopy [3] . Exploiting parity relaxation and the increased intensities associated with resonant inelastic scattering, detailed information has been obtained on d-d multiplets and charge-transfer [5] excitations with the aid of configuration-interaction cluster model analyses [1] [2] [3] [4] [5] .
High-energy (K edge) RIXS [6] has become an important technique for investigations of strongly correlated electronic effects in (highly absorbing) rare earth cuprates [7, 8] and manganites [9] , where the large momentum transfers probe with real-space resolution commensurate with the spatial extent of the excitations [4] . However, relating RIXS measurements to the dynamical structure factor [9, 10] remains a challenge [10 -12] compared with the first-principles relationship that exists for nonresonant inelastic x-ray scattering (NIXS) measurements [13, 14] of core and valence excitations.
In this Letter, we exploit the atomic-scale resolution afforded by hard x-ray inelastic x-ray scattering and the simplicity of nonresonant linear response processes [13] [14] [15] We show by a novel theoretical analysis employing first-principles energyresolved Wannier functions that NIXS measurements of local excitons probe the particle-hole wave functions directly and that the strong anisotropy is intimately tied to the cubic point-group symmetry of the wave functions. Moreover, the absence of a nodal direction for CoO shows NIXS measurements to be very sensitive to weak symmetry breaking.
The measurements in this study were performed on polished single crystals of NiO and CoO with h001i or h111i orientations for wave vectors ranging from q 2 to The non-negligible tails of the quasielastic peak near E 0 were determined (and removed) by scaling quasielastic peak measurements on CaF 2 to the quasielastic peak heights of measurements on NiO and CoO. The 13 eV optical gap of CaF 2 provides a window to measure the (resolution broadened) quasielastic scattering tail of the spectrometer system directly, out to 10 eV. The measurements (Figs. 1 and 2) were reduced to absolute units of eV ÿ1 nm 3 by scaling an f sum-rule calibration of the scattering system for aluminum by TMO = Al , where TMO is the linear absorption coefficient of NiO or CoO and Al is the linear absorption coefficient for Al, as described previously [15] . From the width of the measured peaks in Fig. 2 , the intrinsic energy width of the d-d excitations is estimated to be 0:3 eV. We note that the (0.3 eV resolution) d-d peak intensities in Fig. 2 are fully an order of magnitude stronger than the slowly varying continuum loss spectra above the gap for large q in Fig. 1 . Remarkably, the LDA U=RPA loss spectra calculated for NiO and CoO at q 7 A ÿ1 in Figs. 1(c) and 1(d) are dominated by similarly sharp and orientationally anisotropic peaks, but they appear at energies of 6-8 eV rather than the 1-3 eV peak positions measured for NiO and CoO.
Using the single-particle density of states spectra in Figs. 1(e) and 1(f) and detailed spectral analysis of the response calculations, the NiO peaks have been identified as primarily Ni d-d (a g ! e g ) and (e ) and (e 0 g ! e g ) excitations. Since particle-hole attraction is absent in these RPA response calculations, the 5 eV difference between the measured and calculated energies provides a rough estimate of the particle-hole binding energies. The presence of only two (clean) nonresonant d-d excitations is in striking contrast to the complex multiplet structures typi- -4,18] ; this reflects the fundamental difference in the microscopic processes involved, as only linear charge response is involved in NIXS.
Of particular interest in this Letter, though, is the fact that the d-d intensities measured by NIXS depend strongly on the orientation of the momentum transfer q. As shown above [ Figs. 1(a), 1(b), 2(a), and 2(b) We now demonstrate that this strong q-orientation anisotropy has important implications as a probe of strongly correlated electrons. The anisotropy contains fundamental information on local excitonic wave functions, a result that can be understood intuitively via a novel Wannier function real-space description discussed below. In the Wannier basis, the fully interacting susceptibility can be expressed formally in terms of the particle-hole (p-h) correlation function L as [19, 20] ,
where the sums range over all processes associated with the creation of local p-h pairs (jn 0 i, jni) at position x 2 and time t 2 , with probability amplitude M x 2 n 0 ;n n 0 x 2 n x 2 , followed by the propagation of the p-h pairs, described by L, and finally the annihilation of local p-h pairs (jmi, jm 0 i) at x 1 at a later time t 1 with probability amplitude M x 1 m 0 ;m . After Fourier transforming to (q; !) space, one finds that for a strongly bound local exciton (e.g., deep in the gap) that is well isolated from (and thus weakly coupled to) other excitations, the dynamical structure factor at the exciton frequency ! exc is dominated by contributions from the local p-h pair (jpi, jhi) that forms the exciton:
Thus, the angular dependence of NIXS measurements provides a direct probe of the Fourier transform of the local particle-hole wave function, M
To analyze the anisotropies, we constructed energyresolved, symmetry-respecting, atomic-scale Wannier functions [21] for NiO and CoO [20] from all-electron LDA U orbitals, using energy ranges restricted to the narrow widths of the sharp e 0 g , a g , and e g states in Figs. 1(e) and 1(f). Examples of the resulting Wannier functions are shown in Fig. 3 for the e g (i.e., jpi) and e 0 g (i.e., jhi) states in the spin-minority channel; the full shell of d states in the spin majority channel does not contribute to d-d charge excitations. The narrow energy widths ensure the Wannier functions to be either pure particle or pure hole states (i.e., either fully above or fully below the Fermi energy), and naturally incorporate the hybridization of Ni-d and O-p states within the energy, as observed in the distorted tails of the Wannier functions in Fig. 3 .
The calculated oscillator strengths (/jM q h;p j 2 ) corresponding to the (e 0 g ! e g ) p-h pairs in Fig. 3 [averaged over cubic equivalent antiferromagnetic (AF) domains] are presented in Figs. 4(a)-4(d) in the form of 3D isovalue contours and 2D false-color slices of the 3D intensity distributions. We note first the dipole-forbidden nature of the excitations indicated by the hollow (zero intensity) centers of the intensity distributions (i.e., for q < 2 A ÿ1 ) and the strong maxima around 7 A ÿ1 in [111] directions, as observed experimentally in Figs. 1 and 2 . We emphasize, in particular, the strong anisotropies in the calculated intensity distributions: the nodes along the [001] directions for NiO, the analogous deep (but non-nodal) minima along Fig. 2(a) , plus low-resolution NIXS measurements (not shown) made using 9.49 keV x rays that indicate lower intensities at 8 and 9 A ÿ1 . A direct comparison with the measured anisotropies for the (e PRL 99, 026401 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending 13 JULY 2007 ses [19] of individual Wannier states has confirmed that the [001] nodal directions for NiO are a direct result of a ''q-selection rule'' associated with the nearly cubic point-group symmetry of NiO, which is known [22] to have a much smaller rhombohedral AF distortion than CoO. Accordingly, the lack of an intensity node for CoO reflects a breaking of cubic symmetry in the charge channel of CoO, thereby demonstrating NIXS to be a highly sensitive probe of symmetry breaking in the underlying states forming the excitations. The Wannier functions in Fig. 3 provide a real-space picture of the orbital distortions under broken symmetry; we note a bulge in the belt of the CoO e g state and a slightly less nodal direction in the e 0 g state of CoO (see arrows). Similar analyses on the low-energy peaks are in progress. In summary, we have observed strong local exciton peaks inside the Mott gap of NiO and CoO via large-q NIXS measurements. The highly anisotropic spectral weights of these atomic-scale excitons were shown to provide detailed information on the particle-hole wave functions when combined with energy-resolved Wannier function analyses, a direct connection that has not been exploited previously. The direct and absolute relationship between NIXS measurements and first-principles linear response theory plays a critical role in this capability, a tool that will find general application in fundamental investigations of strongly correlated systems like manganites, cuprates, and cobaltates.
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